Introduction
Lignocellulosic biomass is an abundant, renewable feedstock for sustainable production of biofuels and chemicals. The main technological barrier that impedes widespread utilization of this resource for production of fuels and other commodity products is the lack of low-cost technologies to overcome the recalcitrance of lignocellulose. Organisms that hydrolyse the cellulose and hemicelluloses in biomass and produce a commodity product such as ethanol at a high rate and titre would significantly reduce the costs of biomass conversion. This would allow steps that are currently accomplished in different reactors, often by different organisms, to be combined in a consolidated bioprocess (CBP). While there is still no ideal organism to use in one-step biomass conversion, several candidates have been identified that are in various stages of development for establishment of a cellulolytic system and/or improvement of product-forming attributes. This chapter assesses the status quo for CBP organismal development either by enabling non-cellulolytic organisms to grow on cellulosic substrates or by improving product forming abilities of native cellulose utilizing organisms. The authors also discuss feedstocks that are available for the production of biofuels using CBP and assess how process integrations can make CBP economically feasible in the near future. The increasing demand for oil coupled to the premium many governments place on greater energy security and environmental concerns have led to the development of an active biofuels industry . First generation biofuels such as ethanol from starch or sugar already contribute considerable amounts of liquid fuels in several countries. However these technologies suffer from a shortage in the availability of feedstock in order to displace a more significant amount of petroleum based fuels. Lignocellulose represents the most widespread and abundant source of carbon in nature and is the only source that could provide a sufficient amount of feedstock to satisfy the world's energy and chemicals needs in a renewable manner (Hill et al., 2006; Van Zyl et al., 2011) . Second generation biofuels such as ethanol form cellulosic biomass therefore seeks to overcome the problem of feedstock supply shortage by utilizing the energy contained in total plant biomass. Current technologies for conversion of biomass to ethanol commences with a pretreatment step during which physical and/or chemical processes are used to render the polymeric sugar fractions more accessible to conversion by enzymatic processes (Stephanopoulos, 2007) . The type of feedstock will predetermine the optimal type of pretreatment which in turn defines the optimal enzyme mixture to be used in subsequent hydrolysis steps and the composition of the hydrolysis products. Four biologically mediated events occur during conversion of with food markets. Cellulosic biofuels hold great promise, but the necessary technology advances to overcome the recalcitrance of lignocellulose are needed to enable profitable production of biofuels like ethanol, (Fortman et al., 2008) . Potential cellulosic feedstock are numerous and widespread and include woody biomass, perennial grasses, and agricultural and forest residues (Table 1) . Woody biomass can and has been harvested sustainably for lumber and paper for many years (Somerville et al., 2010) . Furthermore, the electronic media and paper recycling help to reduce the demand for paper pulp. All this biomass is therefore potentially available for energy. The potential energy available in this biomass source is enormous. It is estimated that biomass harvested in the Northern Hemisphere from wood products has an energy content equal to 107% of the liquid fuel consumption of the United States (Goodale et al., 2002) . Perennial plants such as switchgrass, Miscanthus and Napier grass have high photosynthetic capacity, as well as water and nitrogen use efficiency (Somerville et al., 2010; Ansah et al., 2010) . They are fast growing and have efficient root systems allowing them to reach deep into the soil for water. The root produces a network of stems and roots that holds onto soil to prevent erosion. These and other perennial grasses are capable of averaging around 30 metric tons of dry matter per hectare per year. Maize is the largest crop in the world in terms of grain production at around 820 million metric tons per annum (Somerville et al., 2010) . A more or less equal amount of stems and stripped cobs (stover) is potentially available for the production of fuel. If half of the stover can be converted to ethanol it would double the amount of ethanol produced from maize. However, the removal of this much stover would lead to significant losses of carbon from the soil and would aggravate erosion. It would also increase the amount of fertilizer needed to maintain good crop yields. Ethanol yield refers to the total amount produced from a feedstock, including grain and stover or sugar and bagasse. Ethanol from sugarcane constitutes one of the largest sources of biofuels in the world (Somerville et al., 2010) . Currently only 4.6 million hectares of sugar cane are used for bioethanol production in Brazil. In a recent announcement the Brazilian government stated that the area used for sugarcane cultivation would be increased substantially, but it would be limited to 63.5 million hectares (Decree No.6.961 2009) . Approximately 60 million hectares of this allocated land would be available for biofuels production. Currently only the sugar component is used for the production of bioethanol. Once the technology becomes available, the cellulosic component in bagasse could also be used for the production of ethanol or other liquid fuels (Fortman et al., 2008) . Estimates, based on the expected increase in sugarcane crops and cellulosic fuel from the 60 million hectares available land, are that Brazil could produce 14% of the current world transportation fuel demand of 4900 Gl by the year 2030. (Somerville et al., 2010) . Currently, South Africa produces about 20 million tonnes of cane (about 50% of Africa's production) on 325 000 hectares of land. If the full potential of the estimated 6 million hectares of land suitable for sugarcane production in Angola, Malawi, Mozambique, Tanzania, Zambia and Zimbabwe are also realised, about 400 million tonnes of cane can be produced, which could yield 49 Gl ethanol, about 20% of Africa's current total petroleum consumption (Somerville et al., 2010; Watson, 2011) . Almost a fifth of the terrestrial surface on earth is semi-arid and prone to droughts with a rainfall of between 200 and 800 mm per year. If this is combined with agricultural land that has fallen out of production, the amount of land available for the production of biomass using drought resistant species such as Agave is vast. Agave spp. thrive under these conditions and produce between 1 and 34 dry tons of biomass per hectare per year (Davis et al., 2011) . Obtaining biomass in sufficient quantities to merit the construction of commercial scale facilities will be a major concern in future, fortunately there are a number of different crops suitable for different environmental conditions that could enable sustainable production of sufficient quantities of biomass. One of the major challenges of biomass harvesting and delivery to conversion facilities remains yield and density, which determines the volume of the biomass. The density of grassy feedstock to woody feedstocks can vary between ~70 kg/m 3 to ~300 kg/m 3 . For a 200 -1 000 million liter per annum cellulosic ethanol plant, 0.8 -4.0 million tonnes of dry biomass are required, which would require 50 -250 trucks per day to deliver the biomass (Richard, 2010) . Innovative ways of harvesting and delivering biomass to conversion facilities have to be developed to ensure cost-effective production of cellulosic ethanol at significant quantities. These could include dedicated production of biomass (e.g. as found in the sugar and paper-and-pulp industries) or the development of biomass commodity markets, parallel to agricultural commodity markets, such as grain and livestock. Defining of strict specifications for biomass delivered will be crucial to ensure a uniform feedstock for take-off by biomass conversion industries.
Crop

CBP organismal development
While several microorganisms can be found in nature with the ability to produce the required enzymes to hydrolyse all the polysaccharides found in lignocellulose, there is no organism with the ability to directly hydrolyze these polysaccharides and ferment the liberated sugar to a desired product such as ethanol at rates and titers required for economic feasibility (HahnHägerdal et al., 2006; Lynd et al., 2005) . Strain development is therefore the most important technical obstacle towards the conversion of lignocellulose to commodity products in a CBP configuration (Bothast et al., 1999; Alfenore et al., 2002) . Organisms with broad substrate ranges and cellulolytic and/or hemicellulolytic abilities generally suffer from poor growth characteristics or poor product producing characteristics. These include poor yield, titer and rate or producing mixtures of products where desirable products are produced along with undesirables. In comparison, organisms with desirable product producing qualities often suffer from limited substrate range including lack of cellulolytic ability, poor fermentation qualities, and sensitivity to the inhibitors present in pretreated lignocellulosic biomass. The ideal CBP organism should be robust with regards to inhibitor tolerance, able to degrade lignocellulose and utilize hexose and pentose sugars at high efficiency. Furthermore characteristics such as the ability to simultaneously utilize sugars, GRAS (Generally Regarded as Safe) status, minimal nutrient supplementation and tolerance of low pH and high temperature would also be desirable in a CBP organism (Zaldivar et al., 2001) . Four different approaches have been followed to develop such an organism, these are summarized in Figure  2 . Due to the variety of feedstocks likely to be used, the diversity in pretreatment methods and the difference in desired products produced; there is scope for development of organisms with a range of different traits (La Grange et al., 2010) . possess all pathways for conversion of lignocellulose to bioethanol (Chambergo et al., 2002; Lynd et al., 2002) . Despite recent advances in engineering cellulases to be more efficient and less costly, the complete saccharification of pretreated lignocellulose still requires a long time for digestion and high loadings of enzyme (30-50 mg enzyme per g of crystalline cellulose) (Xu et al., 2009 ). Therefore, a biorefinery consuming thousands of tonnes of biomass per day will require many tonnes of cellulase preparation to operate. Currently, only fungi naturally produce the required amounts of cellulase to meet this need. Some strains of T. reesei are reportedly able to produce more than 100 g cellulase enzyme per liter of culture broth (Cherry & Fidantsef, 2003) . The primary advantages of T. reesei as a CBP organism are: (i) the production of cellulases in sufficient quantities and at reasonable cost (ii) that it is already established commercially, and specific mutants are available that can be grown at a low cost and in quantities needed for the emerging biorefinery industry and (iii) that it has all the metabolic pathways necessary to utilize all lignocellulose sugars for production of ethanol (Xu et al., 2009 ). However, there are significant challenges to overcome before T. reesei can be considered as a CBP organism such as (i) ethanol yield and rate of production are low, (ii) ethanol tolerance is low, and (iii) mixing during fermentation may require more energy owing to its filamentous cell morphology.
Eukaryotic cellulolytic organisms for CBP
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T. reesei is an obligate aerobe making its survival for long periods without oxygen difficult (Rautio et al., 2006) . The foremost reason for this is that the genes encoding glycolytic enzymes are strongly repressed in the absence of oxygen. However, preliminary studies indicated that T. reesei, could produce cellulases when grown aerobically on cellulose that continued to degrade cellulose to sugars and ferment these sugars to ethanol when cultures were rendered anaerobic, although acetic acid was produced as a major by-product (Xu et al., 2009) . It was also shown that T. reesei could convert the five primary lignocellulosic sugars to ethanol but the ethanol yields and production rates were low. Therefore the major limitation for efficient ethanol production by T. reesei do not lie in the absence of the relevant genes and pathways but are more likely related to the low expression of these genes or the activity of the enzymes encoded. Approaches to solving these problems are to enhance the expression of the relevant genes at the transcriptional level and/or to introduce heterologous genes that encode enzymes with higher activities. It is expected that ethanol formation and tolerance could be improved using the following strategies: (i) identification and modification of genes involved in ethanol tolerance; (ii) introduction of heterologous genes, such as S. cerevisiae pyruvate decarboxylase and alcohol dehydrogenase to enhance the classical ethanol synthetic pathway and (iii) knockout of T. reesei genes responsible for the production of byproducts. Furthermore, T. reesei is multi-cellular with a growth mode that results in an extended cellular chain forming hyphae. This requires more energy input for mixing and handing in fermentation tanks, compared to unicellular yeast. Another challenge for the application of T. reesei as a CBP organism is the modification of its growth into a compact pelleted form rather than as extended hyphae. Another filamentous fungus, Fusarium oxysporum, also produces the enzymes required to break down cellulose and hemicellulose while simultaneously fermenting the corresponding hexoses and pentoses to ethanol albeit at relatively low yields (Anasontzis et al., 2011; Panagiotou et al., 2005) . In SSF of cellulose a Fusarium oxysporum wild type strain F3 was able to grow at a maximum specific growth rate of 0.023 h −1 on cellulose in aerobic conditions and produced ethanol with a yield of 0.35 g/g cellulose under anaerobic conditions. The cellulase system in F. oxysporum is well balanced as no cellobiose accumulated during growth on cellulose. The strain was further shown to effectively produce a complete system of hydrolytic enzymes when grown on various agro-industrial lignocellulose by-products, such as dry citrus peels, corn cob and brewer's spent grain and simultaneously ferment the corresponding oligosaccharides to ethanol (Anasontzis et al., 2011; Xiros et al., 2008) . In these studies, the hydrolysis of the lignocellulosic material was shown to be the major bottleneck on the productivity of the overall bioconversion process. The corresponding hydrolases, mainly cellulases and xylanases are inducible enzymes and their efficient production in the fermentation medium is a time consuming step. Homologous overexpression of these enzymes under constitutive control, could provide a higher breakdown rate of the (hemi-)cellulosic biomass and thus increase the supply of sugars to the ethanol production pathway. To this end the endo-xylanase 2 of F. oxysporum, was overproduced in the F3 strain under control to the constitutive Aspergillus nidulans gpdA promoter (Anasontzis et al., 2011) . The fermentative performance of the transformants were evaluated and compared to that of the wild type in simple CBP systems using corn cob or wheat bran as sole carbon sources. Transformants produced approximately 60% more ethanol compared to the wild type on corn cob and wheat bran likely due to the high extracellular xylanase activities in the transformants' fermentation broths that were maintained 2-2.5-fold higher compared to the wild type.
Prokaryotic cellulolytic organisms for CBP
Thermophilic bacteria as a group show great potential as CBP organisms (Xu et al., 2010) . These organisms are capable of cellulose hydrolysis and ethanol production under thermophilic conditions. High temperature hydrolysis and fermentation potentially provide a significant energy saving since reactors would not have to be cooled to 30 or 37⁰C before inoculation and then heated again for distillation. Furthermore, it has been shown that a 10⁰C increase in temperature approximately doubles the reaction rate, which in turn decreases the amount of enzyme needed (Ibrahim & El-diwany, 2007 ). Because thermostable enzymes are able to tolerate higher temperatures they generally have longer half-lives. The use of higher reaction and fermentation temperatures (above 60⁰C) also minimizes the risk of bacterial contamination. Since cellulose hydrolysis and sugar release is in most cases the rate limiting step in a typical CBP process, high temperature hydrolysis will be advantageous.
The thermophilic gram-positive anaerobic bacterium Clostridium thermocellum is regarded as a potential CBP-organism (Lynd et al., 2002) . It is very efficient at hydrolysing crystalline cellulose, however growth of wild type strains are inhibited in the presence of ethanol concentrations above 2% (v/v) (Xu et al., 2010) . Laboratory strains have been evolved that remained viable at ethanol concentrations of up to 8% (v/v). At the heart of C. thermocellum's cellulose hydrolyzing ability lays the cellulosome. Cellulosomes are extracellular multienzyme systems produced by some cellulolytic bacteria to degrade crystalline cellulose. The cellulosome concept was originally defined in C. thermocellum in 1983 by Lamed et al. ( 1983a Lamed et al. ( , 1983b . They were searching for the molecular component on the cell surface of C. thermocellum responsible for specific binding to cellulose. Cellulosomes complexes typically consist of a scaffoldin molecule with enzymatic units attached to it. Scaffoldins contain cohesin domains to which enzymatic-units can bind by means of their respective dockerin domains. The cohesin-dockerin interaction is Cadependent and species-specific. Cellulases from C. thermocellum failed to interact with the scaffoldin protein from C. cellulolyticum and vice versa (Fierobe et al., 1999) . In cells growing on cellulose, cellulosomes are typically attached to the host cell surface and they also contain at least one cellulose binding domain enabling the whole complex to effectively bind to cellulose. This arrangement enables enzyme proximity synergy as well as enzyme-substratemicrobe synergy. This results in cellulosomes being much more efficient at breaking down cellulose than free enzymes. Until recently it was not certain what the optimal reaction conditions for cellulosomes were since host cell growth temperatures do not necessarily match those of the enzymes they produce. Furthermore, during pretreatment of lignocellulosic materials side reactions lead to the formation of compounds, which are inhibitors of cell growth. Xu et al (2010) tested the effect of some of these inhibitors on cellulosome activity of C. thermocellum. They found that organic acids like formate, acetate and lactate actually promoted cellulolytic activity and that the C. thermocellum cellulosome could tolerate certain concentrations of furfural (up to 5 mM), p-hydroxybenzoic acid (up to 50 mM) and catecol (up to 1 mM). The C. thermocellum cellulosomes were also able to tolerate higher ethanol concentrations and temperatures than the T. reesei enzymes used commercially. Using conditions optimal for cellulosomal activity C. thermocellum produced 22.6 g/L ethanol, the highest ever reported for C. thermocellum. Not all cellulolytic bacteria produce cellulosomes. Clostridium phytofermentans with a genome encoding the highest number of cellulosic enzymes of all sequenced Clostridia, secretes enzymes enabling it to hydrolyze lignocellulose to fermentable sugars (Jin et al., www.intechopen.com
Developing Organisms for Consolidated Bioprocessing of Biomass to Ethanol 145 2011). However, unlike C. thermocellum, C phytofermentans can consume most of the sugars present in lignocellulosic biomass, including xylose and produce ethanol and acetate from it. Jin et al (2011) used AFEX treated corn stover to test C. phytofermentans as a potential CBP organism. Under optimal fermentation conditions C. phytofermentans hydrolyzed 76% of glucan and 88.6% of xylan in 10 days and yielded 2.8 g/L ethanol as well as 2.6 g/L acetate. Another group of organisms with great CBP potential is from the genus Geobacillus. These are thermophilic bacilli with certain species being able to ferment sugars like glucose, xylose and arabinose at temperatures of between 55 and 70⁰C, producing a mixture of lactate, formate, acetate and ethanol (Barnard et al., 2010) . Certain species like Geobacillus R7 also have the ability to produce lignocellulose-degrading enzymes including cellulases, xylanases and lignases. All the above mentioned attributes make Geobacillus a very good candidate for CBP, however the production of lactate and formate is not desirable. Therefore genetic engineering of these strains has been carried out at a British company, TMO Renewables Ltd, to improve ethanol production by Geobacillus.
Engineering cellulolytic ability into eukaryotic process organisms
The yeast Saccharomyces cerevisiae has long been employed for the industrial production of ethanol from hexose sugars (Kuyper et al., 2005; Nissen et al., 2000; Van Dijken et al., 2000) . S. cerevisiae has many positive attributes which makes it suitable for industrial ethanol production such as a high rate of ethanol production from glucose (3.3 g/L/h) and its GRAS status. However this yeast species also has a number of shortcomings in terms of a CBP processing organism such as its inability to hydrolyze cellulose and hemicellulose or utilize xylose or arabinose. A number of research groups around the world have been working on improving the substrate range of S. cerevisiae to include the monomeric forms of sugars contained in plant biomass (Hahn-Hägerdal et al., 2001; Hahn-Hägerdal et al., 2007; Karhumaa et al., 2006; Kuyper et al., 2005) . A S. cerevisiae strain that expressed the xylose isomerase gene from the fungus Piromyces sp. E2 was further metabolically engineered to allow anaerobic growth on xylose in synthetic media (Kuyper et al., 2004) . Furthermore, laboratory and industrial S. cerevisiae strains were also engineered to co-ferment the pentose sugars xylose and arabinose (Karhumaa et al., 2006) . There have been many reports detailing the expression of one or more cellulase encoding gene(s) in S. cerevisiae (Van Zyl et al., 2007) . Strains of S. cerevisiae were created that could grow on and ferment cellobiose, the main product of the action of cellobiohydrolases on cellulosic substrates, at approximately the same rate as on glucose in anaerobic conditions (van Rooyen et al., 2005) . Recently the high affinity cellodextrin transport system of the model cellulolytic fungus Neurospora crassa was reconstituted into S. cerevisiae (Galazka et al., 2010) . This led to the efficient growth of a recombinant strain also producing an intracellular β-glucosidase on cellodextrins up to cellotetraose. Furthermore, strains of S. cerevisiae were engineered to co-ferment mixtures of xylose and cellobiose, using a xylose fermenting strain that also produced a high affinity cellodextrin transporter and an intracellular β-glucosidase to hydrolyse cellobiose (Ha et al., 2011) . It was shown that intracellular hydrolysis of cellobiose minimised glucose repression of xylose fermentation allowing co-consumption of cellobiose and xylose that improved ethanol yields. This was partly due to circumventing the competition between xylose and glucose for transport into the cell. Sadie et al. (2011) recently showed that expression of the gene encoding lactose permease of Kluyveromyces lactis ( lac12) also facilitated transport of cellobiose into a recombinant S. cerevisiae strain. This report further showed the successful expression of a Clostridium stercorarium cellobiose phosphorylase (cepA) that hydrolyses cellobiose and simultaneously phosphorylates one of the glucose molecules with an inorganic phosphate group yielding one glucose molecule and one glucose-1-phosphate molecule that are both further metabolised through glycolysis. Strains co-producing the heterologous CepA and Lac12 were able to grow on cellobiose as sole carbohydrate source. There have also been reports showing co-production of cellulases specifically with the aim of enabling the organism to grow on a polymeric substrate. Cho et al. (1999) showed that for SSF experiments with a strain producing a β-glucosidase and an enzyme with exo-and endocellulase activity, loadings of externally added cellulase could be reduced. , 2010) . Growth by the recombinant strain on amorphous cellulose was possible due to the sufficient amount of glucose cleaved from the cellulose chain as it was shown that the enzyme released cellobiose and glucose from cellulosic substrates in a ratio of approximately 2.5:1. In an effort to construct an engineered yeast with efficient cellulose degradation, Yamada et al. (2010) developed a method to optimize cellulase expression levels, named cocktail delta-integration. Several different cellulase expression cassettes were integrated into yeast chromosomes simultaneously in one step, and strains expressing an optimum ratio of cellulases were selected for by growth on media containing PASC as carbon source. Although the total integrated gene copy numbers of an efficient cocktail delta-integrant strain was about half that of a conventional delta-integrant strain, the PASC degradation activity (64.9 mU/gwet cell) was higher than that of a conventional strain (57.6 mU/g-wet cell) suggesting that optimization of the cellulase expression ratio improved PASC degradation activity more than overexpression. As exoglucanase activity is required for the successful hydrolysis of crystalline cellulose, it is hypothesized that the addition of successful, highlevel expression of a cellobiohydrolases to these strains will enable conversion of crystalline cellulose to ethanol. While there have been reports of successful expression of CBH encoding genes in S. cerevisiae the titres achieved were generally too low to allow C B P ( D e n H a a n e t a l . , 2 0 0 7 a ) . R e c e n t l y t h e e x p r e s s i o n o f r e l a t i v e l y h i g h l e v e l s o f exoglucanases in S. cerevisiae was reported for the first time (Mcbride et al., 2010) . Using these, the authors were able to construct a yeast strain that was able to convert most of the glucan available in paper sludge to ethanol. The strain was also able to displace 60% of the enzymes required to convert the sugars available in pretreated hardwood to ethanol in an SSF configuration.
Several other yeast strains have innate properties that make them attractive as possible CBP organisms (Lynd et al., 2005) . The multistress tolerant yeast Issatchenkia orientalis was recently engineered to produce Aspergillus aculeatus β-glucosidase (Kitagawa et al., 2010) . The transformant could convert cellobiose to ethanol under acidic conditions and at temperatures exceeding 40°C. Strains of the yeast Kluyveromyces marxianus can grow at temperatures as high as 52°C and have a short generation time and high growth rate at elevated temperatures (Rajoka et al., 2003) . K. marxianus can convert a wide range of substrates, including xylose, to ethanol and successful SSF with a variety of feedstocks at elevated temperatures was demonstrated with K. marxianus (Fonseca et al., 2007; Fonseca et al., 2008) . Thermotolerant cellobiohydrolase, endoglucanase and β-glucosidase encoding genes were expressed in combination in a strain of K. marxianus (Hong et al., 2007) . The resulting strain was able to grow in synthetic media containing cellobiose or carboxymethylcellulose as sole carbon source but the hydrolysis of crystalline cellulose was not shown. Recently, a K. marxianus strain was engineered to display T. reesei endoglucanase II and Aspergillus aculeatus β-glucosidase on the cell surface (Yanase et al., 2010) . This strain successfully converted 10 g/l of a cellulosic β-glucan to 4.24 g/l ethanol at 48°C within 12 h. Some strains of the methylotrophic yeast Hansenula polymorpha are also able to grow at elevated temperatures up to 48°C and ferment glucose, cellobiose and xylose to ethanol (Ryabova et al., 2003) . Additionally, attributes such as process hardiness and a high capacity for heterologous protein production make this yeast an attractive candidate for CBP. A recent report highlighted the promise of H. polymorpha in biomass conversion when strains were constructed that could ferment starch and xylan (Voronovsky et al., 2009 ). Pichia stipitis is one of the best studied xylose-fermenting yeasts and has a substrate range including all the monomeric sugars present in lignocellulose (Jeffries & Shi, 1999) . Some P. stipitis strains produce low quantities of various cellulases and hemicellulases to break down wood into monomeric sugars although it cannot utilize polymeric cellulose as carbon source (Jeffries et al., 2007) . Among the enzymes that are naturally produced are a β-glucosidase that allows the yeast to ferment cellobiose. Endoglucanases were successfully produced in H. polymorpha (Papendieck et al., 2002) and P. stipitis (Piotek et al., 1998) . As these yeasts are capable of growth on cellobiose these recombinant strains should theoretically have the ability to hydrolyse amorphous cellulose although this aspect was not tested. The xylanolytic ability of P. stipitis was enhanced by the co-expression of xylanase and xylosidase encoding genes (Den Haan & Van Zyl, 2003) . The resulting strains displayed improved biomass production on medium with birchwood glucuronoxylan as sole carbohydrate source. Even though mutant strains of P. stipitis with increased ethanol tolerance were recently isolated, P. stipitis remains a relatively poor fermentor (Watanabe et al., 2011) . However, its ability to consume acetic acid and reduce the furan ring in furfural and hydroxymethylfurfural (HMF) creates an opportunity for this yeast to clean up some of the toxins in cellulosic biomass conversion (Agbogbo & Coward-Kelly, 2008 ). This could be very beneficial in waste water treatment.
Engineering prokaryotic organisms to hydrolyze polysaccharides
Although Escherichia coli cannot hydrolyze cellulose or produce ethanol at appreciable quantities it has been shown to metabolize all major sugars present in plant biomass, producing a mixture of organic acids and ethanol (Alterthum & Ingram, 1989) . Bräu and Sahm (1986) successfully modified E. coli metabolism by expressing the Zymomonas mobilis 148 pyruvate decarboxylase at high levels. The resulting strain produced ethanol at levels comparable with Z. mobilis. Subsequent work has focused on improving ethanol yields, growth rate, strain stability and ethanol tolerance (Ingram et al., 1987; Ohta et al., 1991a; Ingram et al., 1991; Chen et al., 2009; Da Silva et al., 2005a; Yamano et al., 1998) . Wild type E. coli strains are incapable of rapid growth on cellobiose (Moniruzzaman et al., 1997) . Klebsiella oxytoca contains a phosphoenol-dependent phosphotransferase system (PTS) enabling it to utilize cellobiose. The K. oxytoca casAB operon coding for an enzyme II cellobiose and a phospho-β-glucosidase was expressed in the ethanol producing strain of E. coli. While expression was initially poor, spontaneous mutants were isolated which exhibited over 15-times higher specific activities for cellobiose metabolism. The best mutant produced 45 g/L ethanol -a yield of 94% of the theoretical maximum. Several endoglucanases have been expressed in E. coli allowing it to hydrolyze amorphous and soluble cellulose to shorter cello-oligosaccahrides (Da Silva et al., 2005b; Seon et al., 2007; Srivastava et al., 1995; Wood et al., 1997; Yoo et al., 2004; . Among these are Cel5Z and Cel8Y from Erwinia chrysanthemi. successfully reconstructed the type II secretion system, the predominant secretion system type in Gram negative bacteria, encoded by the out genes from E. chrysanthemi, in E. coli. This enabled E. coli to secrete more than 50% of the recombinant Cel5Z it produced. Recently, Shin et al. (2010) demonstrated a binary strategy for CBP of xylan. Two E. coli strains were designed to function cooperatively in the process of transforming xylan into ethanol. The first strain was engineered to co-express axeA, the acetylxylan esterase gene from Streptomyces violaceoruber and xyl11A, the xylanase gene from Bacillus halodurans. The recombinant enzymes were secreted into the growth medium by a method of lpp deletion with over 90% efficiency. Secreted enzymes hydrolyzed xylan into xylo-oligosaccharides, which were taken in by the second strain, designed to use the xylooligosaccharides for ethanol production. The second strain was based on the KO11 strain optimized for ethanol production. Into this strains the KxynB gene encoding β-xylosidase from Klebsiella pneumonia and KxynT encoding xyloside permease from Klebsiella pneumoniae were introduced. Co-cultivation of the two strains converted xylan to ethanol with a yield of about 55% of the theoretical value. Klebsiella oxytoca is a hardy prototrophic bacterium with the ability to transport and metabolize cellobiose, cellotriose, xylobiose, xylotriose, sucrose, and all other monomeric sugars present in lignocellulosic biomass (Zhou & Ingram, 1999b) . Four fermentation pathways are present in K. oxytoca producing formate, acetate, ethanol, lactic acid, succinate and butanediol (Ohta et al., 1991b) . Through metabolic engineering and expression of the Z. mobilis pdc and adhB genes it was possible for a recombinant K. oxytoca strain to produce ethanol from soluble sugars at 95% of the maximum theoretical yield (Wood & Ingram, 1992) . Unlike most other ethanol producing organisms K. oxytoca has the ability to ferment xylose and glucose at equivalent rates (Ohta et al., 1991b) . This significantly shortens the time required to ferment the mixtures of glucose and xylose typically present in lignocellulosic hydrolysates. Zhou and Ingram (1999a) constructed a K. oxytoca strain expressing the E. chrysanthemi cel8Y and cel5Z endoglucanase genes. By also introducing the genes that encode the type II secretion system from E. chrysanthemii, both Cel8Y and Cel5Z were secreted effectively by K. oxytoca. This strain was capable of fermenting amorphous cellulose and producing a small amount of ethanol without the addition of cellulases. Z. mobilis is a well known fermenting bacterium that produces ethanol at high rates (Zhang et al., 1997) . However, Z. mobilis cannot ferment or utilize xylose as carbon source and it cannot hydrolyze polysaccharides. Zhang et al. (1997) engineered a Z. mobilis strain capable of fermenting both xylose and arabinose, the major pentose sugars present in plant material. Co-fermentation of 100 g/L sugar (glucose:xylose:arabinose -40:40:20) yielded a final ethanol concentration of 42 g/L in 48 hours. Brestic-Goachet et al. (1989) expressed the E. chrysanthemi cel5Z in Z. mobilis. The maximum activity obtained was 1000 IU/L with 89% of the recombinant endo-glucanase secreted to the extracellular medium. Expression of the Ruminococcus albus β-glucosidase enabled Z. mobilis to ferment cellobiose to ethanol very efficiently in two days and most of the recombinant enzyme was transported across the cytoplasmic membrane (Yanase et al., 2005) . Recently, numerous strains of Z. mobilis were shown to possess endogenous extracellular activities against carboxymethyl cellulose (Linger et al., 2010) . Furthermore, two cellulolytic enzymes, E1 and GH12 from Acidothermus cellulolyticus, were heterologously produced as soluble, active enzymes in Z. mobilis. While the E1 enzyme was less abundantly expressed, the GH12 enzyme comprised as much as 4.6% of the total cell protein. Additionally, fusing predicted secretion signals native to Z. mobilis to the N-termini of E1 and GH12 was found to direct the extracellular secretion of significant levels of active E1 and GH12 enzymes though a significant portion of both resided in the periplasmic space. The thermophilic anaerobic bacterium Thermoanaerobacterium saccharolyticum is also under development for biomass conversion. T. saccharolyticum grows in a temperature range of 45 -65°C and a pH range of 4.0 -6.5 and is able to ferment a wide range of sugars present in cellulosic biomass including cellobiose, glucose, xylose, mannose, galactose, and arabinose (Shaw et al., 2008a) . Unlike most organisms T. saccharolyticum metabolizes xylose and glucose essentially at the same rate (Shaw et al., 2008a; Shaw et al., 2008b) but it produces organic acids in addition to ethanol. Knockout mutants were created that produced almost exclusively ethanol from xylose. Furthermore, a strain with hfs and ldh deletions exhibited an increased ethanol yield from consumed carbohydrates and represents a new strategy for engineering increased ethanol yields in T. saccharolyticum (Shaw et al., 2009) . T. saccharolyticum naturally produces both a xylanase and a β-xylosidase (Lee et al., 1993a; Lee et al., 1993b) enabling it to ferment xylan directly to ethanol. Furthermore, T. saccharolyticum was able to produce as much ethanol from Avicel with 4 filter paper units (FPU) of externally added enzyme as S. cerevisiae was with 10 FPU in SSF, the result of improved enzyme efficiency at higher temperatures (Shaw et al., 2008b) . This shows the potential of this thermophile as CBP organism if a cellulolytic system can be established.
Integrating consolidated bioprocessing with existing bio-based industries
Although major advances have been made, the cost of second generation biofuels still remains high. Integrating cellulosic ethanol technologies with first generation bio-based and thermochemical processes helps to minimize the capital investment, maximize energy efficiency and improve overall economics . Various biological and thermochemical processes will be discussed and their integration in a few bio-based industries highlighted. Three thermochemical options are available for the conversion of biomass: combustion, pyrolysis, and gasification. Combustion involves burning of biomass in the presence of air, which generates hot gases at temperatures of around 800-1000°C and energy that can be harvested as heat. Pyrolysis is the conversion of biomass to liquid (bio-oil), solid (char) and gaseous fractions by heating the biomass in the absence of air to about 500°C. Bio-oils can be upgraded to transport fuels, bio-oils and char can be gasified or used to improve soil quality. In contrast, gasification is the conversion of biomass by partial oxidation at higher temperatures (in the range of 800-900°C) to generate syngas that can be used for synthesis of different synthetic fuels (using the Fischer-Tropsch process) or burned for heat production (McKendry, 2002; Bridgwater, 2011) . In the biological process for lignocellulose hydrolysis-fermentation, large amounts of energy remain in the non-fermentable lignin-rich residues from the distillation process. Conversion of these residues through high-efficiency processes, such as a high pressure boiler coupled with a multi-stage steam turbine (Aden & Foust, 2009; Piccolo & Bezzo, 2009) can provide all the heat and electricity needed for cellulosic ethanol production, together with surplus electricity production for sale (Cardona & Sanchez, 2007; Leibbrant 2010; Reith et al., 2002) . Energy consumption in the biochemical process can be reduced further by performing enzymatic hydrolysis and/or SSF processes at high substrate loadings (as typically used in high-gravity brewing), together with recycling of the process streams, both of which have substantial benefits in terms of process energy efficiency and economics (Martin et al., 2010; Wingren et al., 2003) . Anaerobic digestion for wastewater treatment can be used to lower organic loadings while simultaneously producing methane-rich b i o g a s t h a t c a n b e c a p t u r e d a n d u s e d t o generate electricity and/or process heating (Banerjee et al., 2009) . Similarly, the integrated production of synthetic biofuels and electricity from lignocellulose in the gasification-synthesis process route will provide higher energy efficiencies than production of synfuels alone (Leibbrant 2010; Swanson et al., 2010) . As an example, heat integration within biological (Aden & Foust, 2009; Kazi et al., 2010) and thermochemical routes for second generation biofuels production have the potential to increase overall energy efficiency by as much as 15% (Leibbrant 2010) and can reduce capital and operational costs substantially (Galbe et al., 2005) .
Integration between lignocellulosic conversion processes and electricity production
Optimum use of cellulosic feedstocks can be achieved by integrating cellulosic ethanol processes with electricity production to achieve economies of scale and reduce capital investment per unit of electricity substantially (Easterly 2002; Hahn-Hägerdal et al., 2006; Laser et al., 2009a; Laser et al., 2009b; Sassner et al., 2008; Sims et al., 2008) . Integration and scale-up of electricity and steam production can be achieved by combining feedstocks for electricity generation, such as lignin-rich residues from biological processing and using heat recovery/integration in both biofuel and electricity generation for steam production and distillation (Easterly 2002; Laser et al., 2009b; Sassner et al., 2008) . By maximizing electricity production, increased revenue from second generation biofuels production and a reduction of GHG emissions from these processes can be achieved (Eriksson & Kjellström, 2010) . Sharing of feedstock supply and handling infrastructure and logistics will bring about further savings.
Integration with biomass processing for pulp or sugar production
Both the sugar and pulp-and-paper industries only process biomass in part. Substantial quantities of residues from both these industries, not suitable or useful in the primary biomass processing, could be an attractive feedstock supply for the production of cellulosic ethanol. The cost of raw material and the capital costs of raw material handling adds substantially to the total production cost of cellulosic ethanol (Aden & Foust, 2009; Gnansounou et al., 2005; Hahn-Hägerdal et al., 2006; Kazi et al., 2010; Piccolo & Bezzo, 2009) . Therefore, integrating cellulosic ethanol production from lignocellulose residues emanating from with these industries can improve efficient use of the residues and waste streams and savings in feedstock supply and/or energy integration (Goh et al., 2010; Hahn-Hägerdal et al., 2006; Soccol et al., 2010) . Highly efficient sugar mills can liberate up to 50% of the bagasse present in cane supply as surplus (Botha & von Blottnitz, 2006) . However, the availability of bagasse can be highly variable and often limiting because many conventional sugar mills are designed to dispose of bagasse residues by inefficient burning. The cost of converting sugarcane bagasse to cellulosic ethanol is therefore inevitabilty coupled to the cost of capital investments required to improve the energy efficiency. However, optimum use of energy generated in both processes for the co-production of electricity and heat could result in economic benefits (Leibbrant 2010) . Swedish researchers suggested that such an integration could reduce the cost of cellulosic ethanol production with up to 20 percent in Sweden von Sivers & Zacchi, 1995) .
Integration of biological first and second generation biofuels production
Integration of second generation cellulosic ethanol production with first generation production from sugars or starches can have multiple benefits, including reduction of capital costs and investor risk, increased economic attractiveness and environmental acceptance (Gnansounou et al., 2005) . Such integration can provide joint feedstock supply, fermentation, water and nutrient recycle, distillation, and further opportunities for energy integration (Easterly 2002; Galbe et al., 2007) . Sugar-rich crops for first generation ethanol production, such as sugarcane, sweet sorghum and sugarbeet, are particularly attractive for integration with cellulosic ethanol processes that ensured optimum use of the feedstock and its logistics (Gnansounou et al., 2005; Sims et al., 2008) . These crops also allow flexibility of switching between the production of crystallized sugar and ethanol, as practiced in some Brazilian sugar mills (Gnansounou et al., 2005) . Further benefits of the combined fermentation-distillation processes for ethanol production from lignocellulose and sugar streams could be (i) to replace exogenous nutrient supplements (Banerjee et al., 2009 ), (ii) mixing of sugars from juice and lignocellulose to increase sugar concentrations and resulting ethanol levels at the end of the cellulose fermentation, and (iii) scale-up of ethanol purification/distillation to achieve economies of scale and improve energy efficiency (Soccol et al., 2010) . Similar integration possibilities also exist for starches (small grains, corn, etc.) , where ethanol production could be supplemented with sugars from bran (starch fibre) and polysaccharide-rich waste streams such as thin stillage (Cardona & Sanchez, 2007; Linde et al., 2010) .
Discussion
There are several types of feedstock that can be considered viable options for the production of cellulosic biofuels. The choice of feedstock will vary between geographical areas and depend on the availability of arable land and prevailing climatic conditions and will influence downstream processes such as pre-treatment and the CBP organism used for bioconversion. To date no ideal organism has been developed for CBP conversion of biomass. Bacteria generally have a high growth rate but lack process robustness. Yeasts are often sufficiently robust, but lack substrate range. Filamentous fungi often have a wide substrate range, but grow relatively slowly and do not produce enough of a desirable product. While the advantages of using the yeasts P. stipitis, K. marxianus and H. polymorpha are well appreciated, the engineered cellulolytic ability of these strains are currently rudimentary. None of the strains are as yet capable of utilizing crystalline cellulose and the high level production of an exocellulase remains a requirement. New information on secretion pathways, chaperones and metabolic engineering should help alleviate this problem in future. The S. cerevisiae strain developed by the Mascoma Corporation represents the best CBP organism engineered thus far as this strain could convert several cellulosic substrates to ethanol with addition of minimal exogenous enzymes in an SSF configuration (Mcbride et al., 2010) . Compared to S. cerevisiae, all of the bacterial species discussed above are relatively sensitive to inhibitors associated with lignocellulosic hydrolysates (Bothast et al., 1999; Yamano et al., 1998; Ohta et al., 1991b) . Engineering enhanced protein secretion allowed the successful secretion of endoglucanases in E. coli (Ji et al., 2009 ) and K. oxytoca ). E. coli and K. oxytoca strains capable of breaking down cellulose could also be modified to produce other commodity products such as lactic acid, succinic acid, acetic acid or 2, 3-butanediol (Ji et al., 2009 ). The Geobacillus strain used by TMO Renewables Ltd. is capable of producing ethanol at appreciable titers from pretreated lignocellulosic feedstock and represents a very promising organism for CBP. Candidate CBP organisms are in various stages of development for establishment of a cellulolytic system or improvement of product forming attributes. It is likely that more than one organism may eventually be used in various biomass conversion processes and the choice may depend on the sugar composition of the feedstock, the pretreatment method used and the end product required. The cost disadvantage of current second-generation biofuels configurations may be partially addressed through innovative methods of process integration, in order to minimize capital investment and maximize energy efficiency and improve overall economics. Integration of second generation biofuel production processes into existing first generation biofuel production or into other biomass based industries with integration strategies to ensure optimal energy usage and synergy may be the most effective way to bring second generation biofuels to market.
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